Post /Jegede /Morin /Spungen /Langhoff / Sano Nephron Clin Pract 2010;116:c247-c255 c248 from subcortical small vessel disease and have been independently associated with severity of kidney disease [7] . Small vessel cerebrovascular disease leading to the development of subcortical white matter lesions is likely to be accelerated in CKD because these patients often have a clustering of traditional and emerging vascular risk factors, including hypertension, diabetes, hyperlipidemia, elevated oxidative stress, and an elevated inflammatory state. Small vessel cerebrovascular disease is the most common cause of vascular dementia with a pattern of cognitive deficits characterized by relatively preserved memory and impairment in domains related to attention, executive function and processing speed [8, 9] . Current dementia screening tools, which rely heavily on memory deficits, may not identify patients with cognitive deficits characteristic of cerebral small vessel disease, particularly in the early stages.
Mild cognitive impairment (MCI) represents a transitional stage between cognitive changes of aging and dementia. Amnestic MCI with predominant memory deficits has gained a reputation as a predictor of incipient Alzheimer's disease [10] . Recent studies have introduced the non-amnestic MCI subtype that may serve as a potential prodrome of vascular dementia [11, 12] .
The purpose of our study was to perform detailed neuropsychological testing in outpatient CKD and HD patients with no history of dementia, stroke or neurodegenerative disease in order to identify and characterize cognitive deficits. We hypothesized that both groups would score significantly lower when compared to normative data, particularly in domains most affected by subcortical small vessel disease. We also predicted that HD patients would perform worse than predialysis CKD patients due to the increased cardiovascular risk as renal disease progresses and HD is initiated.
Materials and Methods

Study Design
This is an observational, cross-sectional study of stage III-IV CKD and HD patients attending the outpatient Renal and Hemodialysis Clinics at the James J. Peters Veterans Affairs Medical Demographic characteristics and chronic health conditions for both groups were obtained from the patient's electronic medical records. For CKD patients, the estimated glomerular filtration rate (eGFR), serum calcium (Ca), serum phosphate (PO 4 ), and hemoglobin levels were recorded within 3 months of neuropsychological testing. eGFR was calculated using the Modification of Diet in Renal Disease study equation [13] . Serum intact parathyroid hormone (PTH i ) levels were obtained within 6 months of neuropsychological testing. When more than one value was available, averages were calculated. Laboratory values from HD patients included hemoglobin, Ca level, PO 4 level, PTH i and BUN for urea reduction ratio (URR) calculation. As part of routine clinical care, these labs are drawn monthly on dialysis days prior to the treatment. Values for Ca, PO 4 , PTH i and URR were calculated by averaging the monthly labs for 3 consecutive months prior to neuropsychological testing. All tests were performed at a single central laboratory using standard methods. Labs were drawn for thyroid-stimulating hormone (TSH) within 1 week of neuropsychological testing and values determined by radioimmunoassay for both groups. Measured blood pressure was determined by averaging the 3 clinical appointment blood pressure readings prior to neuropsychological testing.
Participants
Patients were considered for enrollment if they were fluent in English and able to complete baseline assessments. HD participants had to be receiving treatment for at least 3 months and have a 3-month average URR of 6 65% at the time of screening. Those receiving HD were dialyzed 3 days per week for 3-4 hours per session. Exclusion criteria were as follows: a history of stroke or dementia when questioned or if documented in the medical chart, a history of Parkinson's or neurodegenerative disease, liver function enzymes (AST and ALT) more than two times the upper limit of normal, or a hemoglobin level ! 10 g. Stage III CKD was defined as an eGFR 30-59 ml/min/1.73 m 2 and stage IV CKD was defined as eGFR 15-29 ml/min/1.73 m 2 . All the subjects that completed testing were male. All attempts were made to perform neuropsychological testing on non-dialysis days in order to avoid the potential temporal relationship between cognitive function and time since last dialysis. However, 5 patients were tested on dialysis days due to scheduling difficulties.
Measurements
A 60-min battery of nine validated neuropsychological tests was administered to all study participants under supervision of a senior psychologist with specialized training in neuropsychology. The neurocognitive battery included: The Mini-Mental State Examination (MMSE) [14] , The California Verbal Learning Test-II (CVLT-II) Standard Form [15] , the Controlled Oral Word Association Test (COWAT-FAS) [16] , animal category fluency, Digit Span [17] , the Symbol Digit Modality Test (SDMT) [18] , Trails A & B [19] , Stroop Word & Color tests [20] , and the Short Category Test (SCT) [21] ( table 1 ) .
Neuropsychological Test Analysis and MCI Classification
In the absence of a matched control group, we compared group raw scores on each cognitive test to previously published normative data on age-and education-matched healthy controls. For between-group comparisons on each cognitive measure, raw test scores were converted to the published age-and education-standardized T scores. T scores that were 6 1.5 standard deviations (SD) below the mean were identified as impaired. To calculate the domain composite T scores, we first calculated a mean T score of c249 all the completed cognitive tests within each particular domain ( table 1 ) for each subject. Next, all subjects' domain composite scores were averaged within each group to calculate the overall domain composite score for either CKD or HD groups. Results of neurocognitive tests were used to classify subjects with an MCI subtype by using diagnostic criteria utilized from the Cardiovascular Health Cognition Study and the Mayo Clinic Study of Aging as approximate guidelines [12, 22, 23] . Subjects with a composite score for long and short delayed memory tests 6 1.5 SD below ageand education-matched norms were classified as MCI amnestic type. Study participants who did not meet criteria for MCI amnestic type, but scored 6 1.5 SD below the norm on two or more tests in a non-memory domain (Attention/Processing Speed, Executive Function, or Language) were classified as MCI non-amnestic type. The MCI amnestic subtype was further categorized into single domain involvement if the memory domain was only impaired and multiple domain if the subject scored 6 1.5 SD below the norm on two or more tests within a non-memory domain. Subjects with non-amnestic MCI were further characterized into single domain if only one non-memory domain was impaired or multiple domain if the subject scored 6 1.5 SD below the norm on one or more tests in an additional non-memory domain.
Statistical Methods
Descriptive statistics are reported as means and SDs or percent as appropriate. Within each study group, single group t-tests were used to determine raw score differences between the CKD study participants and previously published normative (PN) data for age-matched, healthy controls. Multiple regression models were used to adjust for differences between the CKD and HD groups for diabetes mellitus (DM), hypertension (HTN), hyperlipidemia, coronary artery disease (CAD), congestive heart failure (CHF), peripheral arterial disease (PAD), PO 4 , Ca ! PO 4 , PTH i and TSH. Independent sample t-tests were used to evaluate differences between the CKD and HD groups on individual cognitive test T scores and domain composite T scores. CKD and HD groups were compared on the demographic and clinical variables represented as a continuous number by using t-tests. For the dichotomous or categorical variables, 2 tests were used to determine the significance of differences in prevalence between the groups. The statistical analyses were performed using StatView (SAS, 1998). Analysis of covariance (ANCOVA) was used to determine the differences between those with and without MCI for traditional and emerging cardiovascular risk factors.
In the CKD group, visual difficulties prevented 2 subjects from completing two or more of the following: Trails A, SDMT, Digit Span, Stroop Word, Stroop Color, Stroop Color-Word, and Trails B. Six patients refused to complete the Short Category Test out of frustration. In the HD group, 1 subject did not complete Stroop Color and Stroop Color-Word secondary to color vision deficiency. Scores from individual neurocognitive measures that were not completed were excluded from data analysis and not counted.
Results
Participants
Fifty-one male subjects participated in the study, 24 with CKD and 27 on HD. CKD subjects were significantly older than those receiving HD (72 8 12 vs. 63 8 11 years, p = 0.01). No other demographic variables were statistically different between the groups ( table 2 ) . Hypertension, diabetes, and hyperlipidemia were highly prevalent in both the CKD and HD groups, with no significant difference in proportion of these factors between groups. The HD group had significantly higher PO 4 , Ca ! PO 4 product, and PTH i . There were no differences between the groups for blood pressure ( table 2 ) . Overall, the HD group was adequately dialyzed, with an average 3-month URR of 71 8 4% and no subject having less than 65%. Both groups had a prevalence of coronary artery disease (58% CKD, 37% HD), congestive heart failure (33% CKD, 22% HD) and peripheral arterial disease (21% CKD, 19% HD). There was no significant difference in prevalence between groups for CAD, CHF, and PAD. Hemoglobin levels were significantly different between CKD and HD groups (12.1 8 1.6 vs. 11.4 8 1.0, p = 0.04, respectively), and none were ! 10 g as per the exclusion criterion. Hemoglobin level was not found to significantly affect cognitive performance on the given tasks. The CKD group had a significantly higher TSH level than the HD group (2.3 8 2.1 vs. 1.4 8 0.8, p = 0.05).
Raw Scores versus Published Norms
The raw scores compared with the published norms (PN) for the CKD and HD groups are presented ( table 3 ) . All subjects scored 6 28 on MMSE. In the CKD group, subjects scored significantly lower on 4 of 5 measures of attention and processing speed. In the domain of executive function, CKD subjects scored significantly lower than published norms on all measures. In the CKD group, only 1 of 4 measures of memory was significantly lower than the published norms. In the HD group, subjects scored significantly lower on all measures for each cognitive domain versus the published norms.
T Scores for Individual Tests: CKD versus HD
In order to compare groups, T scores for each neuropsychological test were calculated and reported ( table 4 ) . HD subjects scored significantly lower than CKD subjects on 3 of 5 measures of attention and processing speed and all measures of language. CKD subjects scored significantly lower than HD subjects on one test of executive function. There was no significant difference between the groups for measures of memory. When the T scores were adjusted for hypertension, diabetes, hyperlipidemia, CAD, CHF, PAD, PO 4 , Ca ! PO 4 , PTH i and TSH, significant differences between the groups remained (data not shown). For the HD group, time since the last dialysis was not significantly associated with performance on the cognitive tests.
Composite T Scores and Prevalence of Impairment by Domain: CKD versus HD
HD subjects had significantly lower composite T scores in the domains of attention and processing speed and language (34 8 5 vs. 40 8 7, p ! 0.01, and 39 8 7 vs. 47 8 9, p ! 0.01, respectively). The proportion of subjects with attention and processing speed impairment was significantly greater in the HD compared with the CKD group (59 vs. 25%, p = 0.01). The prevalence of executive function impairment was high in both groups (30 and 25%). Memory impairment was least prevalent among HD patients and present in 13% of those with CKD ( table 4 ).
Prevalence and Subtype of MCI
A flow chart of the prevalence and subtype of MCI is presented ( fig. 1 ) . Of those subjects with MCI, 26% (10 of 39) met the criteria for amnestic MCI and all but 1 of 
Traditional and Emerging Cardiovascular Risk Factors: MCI versus Non-MCI
No significant differences were found between the groups with MCI and without MCI or between MCI subtypes for PO 4 level, Ca ! PO 4 product, PTH i level, TSH level, measured blood pressure or history of hypertension, diabetes, and hyperlipidemia, CAD, CHF, and PAD (data not shown).
Discussion
In our CKD and HD outpatients with normal global cognitive function and no history of dementia, stroke or neurodegenerative disease, a high prevalence of neuropsychological deficits was detected compared to normative samples. Examination of clinically meaningful deficits with significant impairment meeting the criteria for MCI revealed that these deficits were most common in non-memory domains. These results are supported by an earlier study of HD patients without a clinical history of dementia or stroke where cognitive dysfunction was primarily subcortical in nature with a relative sparing of cortical domain function [24] .
MCI is a transitional state between normal cognition and the earliest clinical features of dementia. Amnestic and non-amnestic subtypes have been identified based on specific domain involvement with each subtype influencing the subsequent development of Alzheimer's or vascular dementia [25] . For example, amnestic MCI has been established as a prodrome of Alzheimer's disease, whereas non-amnestic MCI more frequently predicts the development of vascular dementia.
A high prevalence of MCI was identified in the overall group and among HD patients versus CKD patients with a preponderance of cases classified as non-amnestic MCI. It is noteworthy that even among the amnestic MCI cases, all but 1 subject also had non-memory deficits. In fact, most of our MCI cases had multiple non-amnestic domain involvement, which has been shown to increase the risk of developing vascular dementia and increase the risk of mortality versus amnestic MCI [25] . Although all patients had a normal MMSE, their profile of neuropsychological deficits are likely to affect planning, sequencing, organization, and mental flexibility all of which are required for independence in activities of daily living and compliance with complex medical regimens. Because subcortical vascular dementia secondary to cerebral small vessel disease has a relatively insidious onset with gradual cognitive decline often associated with nonmemory domains, relying on routine neuropsychological instruments that require memory deficit for diagnosis could underdiagnose non-amnestic deficits, increasing the renal patient's risk for treatment non-compliance and failure. Early detection of non-amnestic deficits characteristic of cerebral small vessel disease may provide an opportunity for interventions aimed to slow disease progression, such as more vigorous control of blood pressure, dyslipidemia, and other metabolic perturbations as well as cognitive therapy. Future trials should then be designed to evaluate the efficacy of interventions to slow the progression of MCI to overt dementia. When compared to CKD patients, our HD patients scored significantly lower on several measures of attention and mental processing speed and language with no significant change on any measure of memory between groups. Impairments in the domains of attention and processing speed, executive function, and language with a relative preservation of memory is reminiscent of the cognitive changes associated with the early manifestations of vascular dementia secondary to small vessel cerebrovascular disease [26] . This pattern of cognitive deficit has been associated with manifestations of cerebral small vessel disease such as white matter lesions [27] [28] [29] [30] [31] . A potential link between kidney disease and subcortical cognitive deficits comes from evidence that albuminuria has been associated with executive function deficits and volume of white matter hyperintensities [32] . Subcortical white matter lesions are highly prevalent in advanced CKD and associated with renal disease severity [7] . Significantly lower measures of subcortical cognitive function in the HD group versus the CKD group, despite comparable memory scores, suggests that worsening cognitive deficits related to small vessel disease may parallel the progression of renal disease.
In our patients, the limited number of traditional and emerging cardiovascular risk factors identified was not found to be associated with the lower cognitive scores in the HD group compared with the CKD group. These cardiovascular risk factors were equally prevalent between patients with and without MCI. However, mechanisms for cognitive deficits characteristic of cerebral small vessel disease among CKD and HD patients may involve the cumulative effect of multiple vascular risk factors. As renal function declines, levels of nitric oxide synthase inhibitor asymmetric dimethyl-L -arginine increase, suppressing the synthesis of nitric oxide [33] . Nitric oxide is an inhibitor of vascular smooth muscle cell proliferation, platelet aggregation, and a potent vasodilator. Endothelial dysfunction resulting from reduced nitric oxide production in cerebral small vessels may contribute to the development of chronic ischemic damage of subcortical structures. Endothelial dysfunction has been associated with white matter hyperintensities in older adults and with a decrease in vasodilatory capacity of the cerebral cortex [34] . Cerebral small vessel damage is likely to be exacerbated in patients with advancing CKD through increased levels of inflammation [35] , advanced glycation end products [36, 37] , and oxidant stress [38] that occur as renal function deteriorates. In patients receiving HD, frequent and repetitive hypotensive episodes during treatment may cause further damage to ischemia-sensitive frontal-subcortical circuits because small vessel arteriosclerosis, calcification, and nitric oxide deficiency may likely interfere with normal mechanisms of autoregulation and preservation of blood flow to these important anterior cerebral structures. The significantly decreased carotid blood flow that appears to improve following a single dialysis treatment and the decreased cerebral oxygenation that has been reported in HD patients are not yet fully understood [39] . In patients with advancing kidney disease, cumulative small vessel damage with subsequent damage to subcortical white matter structures may lead to early subcortical cognitive deficits. Even though our patients had no clinical history of stroke, significant underlying cerebrovascular disease cannot be excluded since neuroimaging was not available. The observed nonamnestic deficits may be an indicator of underlying cerebrovascular damage since kidney disease has been shown to independently predict subclinical brain infarcts [40] . As renal function deteriorates and patients require HD, the cognitive deficits are likely to progress and ultimately result in overt vascular dementia.
The strength of our study is that a relatively healthy group of CKD and HD patients with no clinical history of dementia, stroke or neurodegenerative disease was evaluated, allowing us to identify a profile of cognitive c254 deficits that may be helpful in determining the future progression to dementia. We also required that all patients had hemoglobin levels 1 10 g, normal liver function tests, and adequate dialysis in order to eliminate these confounders as causes of cognitive impairment. Nevertheless, our study had a relatively small number of subjects and other limitations. For example, while stroke was excluded by history and medical record review, imaging was not available. In addition, all of our subjects were male which limits generalization of our findings to female patients. Another possible limitation may have been in the diagnosis of MCI based on neurocognitive scores in the absence of a subjective clinical complaint of memory or cognitive decline.
In conclusion, we found evidence of significant cognitive impairment in CKD and HD outpatients with normal global cognitive function and no history of stroke or neurodegenerative diseases. These impairments were predominantly in non-memory domains, thus indicating a potential vascular etiology. In patients with advanced CKD, amnestic MCI may precede overt dementia and be underdiagnosed with routine screening measures such as the MMSE. Early recognition of MCI prior to the development of overt dementia may provide an opportunity to intervene and slow the progression of disease.
